Background: An actomyosin-based contractile ring plays a pivotal role in cytokinesis. Despite the identification of many components of the ring, the steps involved in its assembly are unknown. The fission yeast Schizosaccharomyces pombe is an attractive organism in which to study cytokinesis because its cell cycle has been well characterized; it divides by medial fission using an actomyosin ring; and a number of S. pombe mutants defective in actomyosin ring assembly have been isolated. Here, we have characterized one such mutant, rng2.
Background
Cell division in a variety of eukaryotes is achieved by the use of an actomyosin-based contractile ring. It has been proposed that the constriction of the actomyosin ring provides the forces necessary for cell cleavage [1] . In recent years, many protein components of the actomyosin ring have been identified from studies in a number of experimental systems [1, 2] . Many key aspects of the process are not fully understood, however, including the positioning of the cleavage plane, the reactions necessary for the assembly of an actomyosin ring, and the coordination of the onset of cytokinesis with the completion of mitosis.
The fission yeast Schizosaccharomyces pombe is an attractive model organism in which to study cytokinesis. S. pombe cells divide using an F-actin ring that forms at mitosis and constricts during septum deposition [3] . Recently, myosin II heavy chain was identified as an essential component of the F-actin ring (for this reason we refer to the ring as the actomyosin ring) [4] . Thus, as in other eukaryotes, the function of an actomyosin ring is essential for cytokinesis in S. pombe. Furthermore, genetic screens have identified mutations in at least 17 genes that affect distinct steps in cytokinesis ( [5, 6] ; unpublished observations). Phenotypic characterization of S. pombe cytokinesis-defective mutants has placed them in three major categories: division site selection mutants, actomyosin ring assembly mutants, and genes that control actomyosin ring constriction and septation ( [6, 7] ; unpublished observations).
The mid1/dmf1 gene is essential for division site specification. Mid1p is localized in nuclei in interphase cells and in a medial ring in mitotic cells [8] , consistent with the proposal that the interphase nucleus positions the actomyosin ring in S. pombe [6] . The genes cdc3, cdc4, cdc8, cdc12 [5] , rng2 ([6] ; unpublished observations), rng3, rng4 and rng5 (unpublished observations) are essential for actomyosin ring assembly. The cdc3 gene encodes the actin-binding protein profilin [9] , and the cdc12 gene encodes a forminrelated protein [10] . The cdc4 gene encodes a protein that has similar properties to myosin light chain and contains EF-hand motifs [11] , and the cdc8 gene encodes the F-actin-binding protein tropomyosin [12] . Whereas Cdc3p is found in a diffuse staining pattern in the medial region of cells undergoing cytokinesis [9] , Cdc4p, Cdc8p, and Cdc12p have been shown to be part of the actomyosin ring [10] [11] [12] . The identification of the products of some of these genes as actin cytoskeletal proteins is consistent with the idea that these proteins interact to promote actomyosin ring assembly. Recently, Cdc3p was shown to bind to Cdc12p and this interaction was proposed to play a key role in actomyosin ring assembly [10] . Additional protein-protein interactions that may be necessary for actomyosin ring assembly are presently unknown.
In this paper, we have characterized one of the actomyosin ring assembly genes, rng2 + . Rng2p is related to the IQGAP family of proteins. We show that Rng2p is essential for cytokinesis and is a component of the actomyosin ring and the spindle pole body (SPB), and that Rng2p interacts physically with calmodulin (Cam1p). Genetic studies suggest that Rng2p collaborates with Rng5p, Cdc4p and Cdc12p to promote actomyosin ring assembly and/or stability.
Results
The rng2-D5 mutants are defective in actin ring assembly
Temperature-sensitive mutations in the rng2 gene have been identified in two different genetic screens for cytokinesis-defective mutants ( [6] ; unpublished observations). To further characterize the phenotype of the mutants carrying the rng2-D5 allele, we examined the effects of the rng2-D5 mutation on the formation of the actin ring and the septum. The rng2-D5 cells were grown at 24°C (permissive) to exponential growth phase and shifted to 36°C (restrictive). Samples were collected 2 and 4 hours after the shift to 36°C and were stained to visualize F-actin, DNA and septa. Under permissive conditions, F-actin rings and septa in rng2-D5 cells resembled those found in wild-type cells (Figure 1a ; 0 h). Upon shift to 36°C for 2 hours, most cells passed through their first mitosis. F-actin localized to the medial region of the cells in the form of cables. These cables were not organized into a ring structure, however ( Figure 1a ). This suggests that the primary defect in rng2-D5 mutants is the inability to compose an actin ring from medially positioned F-actin cables. In some rng2-D5 cells, actin cables appeared to originate from a 'spot' containing F-actin (Figure 1b) . The F-actin ring forms before the septum and is thought to guide the formation of the septum [3] . In rng2-D5 cells arrested for 2 hours, improper septa were detected, consistent with the presence of aberrant F-actin cables. Most rng2-D5 cells contained four nuclei 4 hours after the shift to 36°C, indicative of successful completion of second mitosis despite the aberrant cytokinesis. Again, F-actin cables and improper septa were visualized in the medial region as well as in a region corresponding to what would have been the medial region of the two daughter cells had cytokinesis proceeded normally (Figure 1a) . A number of proteins that are normally associated with the actomyosin ring, such as Cdc4p, Myo2p and Cdc8p, were also detected in the actin cables in rng2-D5 cells (data not shown). Thus, rng2-D5 mutants are capable of assembling cables containing F-actin and other actomyosin ring components in the medial region of the cell, but are unable to make a normal actomyosin ring.
The rng2-null mutants accumulate a novel F-actin spot structure
The rng2 + gene was isolated based on its ability to rescue the temperature-sensitive lethality of rng2-D5 mutants. To examine the consequences of deleting the rng2 gene, a strain, MBY343, of the genotype rng2::ura4/rng2 + was 612 Current Biology, Vol 8 No 11
Figure 1
The rng2 mutants are defective in actomyosin ring assembly. (a) The rng2-D5 mutants accumulate actin cables but fail to consolidate an actomyosin ring. The rng2-D5 cells were grown at 24°C and shifted to the restrictive temperature of 36°C. Samples were collected just prior to temperature shift (0 h), and 2 h and 4 h after temperature shift and stained with 4′,6-diamidino-2-phenylindole (DAPI), rhodamineconjugated phalloidin and calcofluor to visualize DNA, F-actin and septa, respectively. (b) F-actin cables appear to originate from an F-actin containing spot in rng2-D5 mutants (F-actin spot shown with an arrow). (c) DNA, actomyosin ring and septum pattern in germinated wild-type spores. (d) DNA, actomyosin ring and septum pattern in germinated rng2-null mutant spores. Wild-type or rng2-null mutant spores were germinated in the appropriate media for 14 h at 30°C, fixed and stained to visualize DNA, F-actin and septa. (e) Cdc3p associates with the F-actin spot in rng2-null mutants. The rng2-null mutant spores were germinated, fixed and stained with an antibody against Cdc3p. Note that, in one of the two spores, Cdc3p is also detected in the growing tip of the spore. (Figure 1c ), germinating rng2::ura4 spores became highly elongated and accumulated up to eight nuclei before they lysed. Interestingly, F-actin staining revealed a phenotype associated with rng2::ura4 mutants that has yet to be identified in other known cytokinesis mutants (Figure 1d) . A large spot-like structure containing F-actin was visualized in the region of the cell where the first actin ring would normally have formed. This spot formed early in mitosis, at a time when the actomyosin ring is assembled in wild-type cells. Unlike the wild-type actomyosin ring, however, the F-actin spot did not disassemble following mitosis. As predicted from the absence of an actomyosin ring and F-actin cables, blobs of septum deposits or misformed septa were not seen in rng2::ura4 spores (Figure 1d ). The spot containing F-actin was also seen in rng2-null mutants that had been generated by plasmid loss method (data not shown), establishing that the F-actin spot was not a peculiarity associated with germinating spores. Although many components of the actomyosin ring, such as Cdc4p, Cdc8p and Myo2p, were not detected in the F-actin spot (data not shown), Cdc3p was indeed detected in the F-actin spot ( Figure 1e ).
The rng2 + gene encodes a protein related to IQGAPs
Database searches using the predicted Rng2p sequence showed that Rng2p was most closely related to human IQGAP1 ( Figure 2 ). The two proteins are related throughout their entire length and display 28% aminoacid identity which rises to 44% when conservative amino-acid substitutions are considered. Structural features present in both Rng2p and human IQGAP1 include: a putative actin-binding domain, referred to as the calponin homology domain, at the amino terminus; coiled-coil domains; IQ domains; and a Ras-GTPase-activating protein (GAP) homology domain. The WW domain, found in several signaling proteins and human IQGAP1 [13, 14] , was not detected in Rng2p. Furthermore, six IQ repeat motifs were found in the sequence of Rng2p, whereas only four IQ repeat motifs were detected in the human IQGAP1 sequence. Rng2p is less similar to Dictyostelium IQGAP-like proteins GAPA and DGAP1 [15] [16] [17] and to the budding yeast Iqg1p/Cyk1p [18, 19] .
Research Paper IQGAP and cytokinesis in S. pombe Eng et al. 613
Figure 2
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Intracellular distribution of Rng2p
The intracellular distribution of Rng2p was studied using two approaches. In the first approach, wild-type cells were stained with antibodies against Rng2p. Cells stained with preimmune serum or immune serum preincubated with a fusion protein comprising glutathione-S-transferase conjugated to Rng2p (GST-Rng2p) showed only background levels of staining (data not shown). Cells stained with immune serum, however, showed distinct and cell-cycledependent staining patterns ( Figure 3a ). Rng2p was detected in dot-like structures associated with the nuclei in both interphase and mitotic cells ( Figure 3a , marked with arrows in cells 1,3-5) as well as in a medially positioned ring structure in cells undergoing mitosis and cytokinesis ( Figure 3a , cells 2-7). The ring formed early in mitosis, represented by cell 2 in Figure 3a on the basis of the condensed chromosomes, and appeared as two dots which were evident as a ring when examined in several focal planes. At the end of mitosis, when the chromosomes had been separated and septation initiated, the diameter of the ring gradually decreased (Figure 3a , cells 6,7) to promote cell division.
In the second approach, the intracellular localization of Rng2p was followed using a fusion protein consisting of green fluorescent protein (GFP) fused to Rng2p (GFP-Rng2p): the gene encoding this fusion protein was expressed from a medium-strength nmt1 promoter [20] and was found to be capable of rescuing a rng2-D5 temperature-sensitive defect. GFP-Rng2p localization ( Figure 3b ) was identical to the intracellular distribution of Rng2p detected using anti-Rng2p antibodies (Figure 3a ), but the use of GFP-Rng2p greatly enhanced the visualization of the Rng2p dots. GFP-Rng2p dots associated with nuclei were detected in both interphase ( 
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The localization of Rng2p in a medially positioned contractile ring suggested that Rng2p was a component of the actomyosin ring. The localization of Rng2p in dots positioned near the nuclei suggested that the Rng2p dot might be the SPB. To address this possibility, cells expressing GFP-Rng2p were fixed and stained with an antibody against Sad1p [21] , a component of the SPB. This analysis demonstrated colocalization of GFP-Rng2p and Sad1p in both mitotic and interphase cells (Figure 3d ). Thus, the nuclear-associated dot of Rng2p represents the SPB.
Localization of GFP-Rng2p to the actomyosin ring, but not the SPB, requires F-actin
We then asked if the integrity of Rng2p in the ring and the SPB depended on the presence of F-actin. To this end, cells expressing GFP-Rng2p were treated for 20 minutes with latrunculin A (LA), a drug that prevents actin polymerization: as a control, cells were treated with the solvent dimethylsulfoxide (DMSO). Cells treated with LA and DMSO were fixed and stained with rhodamineconjugated phalloidin to test the potency of LA in S. pombe. Whereas F-actin was detected in patches and rings in cells treated with DMSO, no fluorescent labeling was detected in cells treated with LA ( Figure 4a ). GFP-Rng2p in the SPB and in medial rings was detected in cells treated with DMSO ( Figure 4b ). In contrast, GFP-Rng2p rings were not observed in cells treated with LA, although GFP-Rng2p in the SPB was detected in both interphase and mitotic cells (Figure 4b) . Thus, the integrity of the GFP-Rng2p ring, but not localization of GFP-Rng2p to the SPB, requires the continued presence of F-actin. In a separate experiment, we asked if GFP-Rng2p required the actin cytoskeleton to achieve its cellular location. To answer this question, cells expressing GFP-Rng2p were incubated with LA for 3 hours and then visualized by microscopy. Again, GFP-Rng2p was detected in the SPB, but not in the medial ring structure (data not shown).
Thus, F-actin is required for GFP-Rng2p to achieve its localization to the actomyosin ring but not the SPB.
Depolymerization of microtubules by treatment of cells on ice did not disturb the localization of Rng2p, suggesting that microtubular integrity was not required for localization of Rng2p to the actomyosin ring or the SPB (data not shown). Staining the cold-arrested β-tubulin mutant, nda3-KM311 [22] , with anti-Rng2p antibodies showed that the microtubular cytoskeleton was not required for Rng2p to accumulate in the actomyosin ring (data not shown). We have not been able to establish whether Rng2p accumulation in the SPB requires microtubule function, because Rng2p is a component of the actomyosin ring and the SPB, and signals emanating from the SPB might be masked by the signal from the actomyosin ring.
Calmodulin is a component of the actomyosin ring and physically interacts with Rng2p
IQGAP proteins contain IQ motifs, characteristic of proteins that interact with EF-hand-containing molecules such as calmodulin. Recently, the fission yeast calmodulin (Cam1p) was reported to localize to the SPB in both interphase and mitotic cells. In addition, Cam1p was also detected in the medial septum and at the growing end(s) of interphase cells [23] . It was not known, however, if Cam1p was a component of the actomyosin ring. To address this issue, cells expressing GFP-Cam1p were stained with the fluorescent DNA stain DAPI. Cam1p was detected in the growing ends and the SPB of interphase cells (Figure 5a, I ) and in the region of the septum during septation (Figure 5a, S) . Interestingly, GFP-Cam1p was visualized in a ring structure in early mitotic cells (Figure 5a , EM) and late mitotic cells (Figure 5a , LM). Thus, Cam1p is a component of a ring structure that forms prior to septation.
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Figure 4
Localization of GFP-Rng2p to the medial ring requires F-actin. To determine whether Cam1p and Rng2p interacted physically, we used a strain expressing a functional GST-Rng2p fusion protein, as our Rng2p antibodies were incapable of immunoprecipitating endogenous Rng2p. Cell lysates from this strain were prepared and immunoprecipitated with antibodies against either Cam1p or GST; preimmune serum was used as a control. As an additional control, extracts from a strain expressing a GST-Myo2p fusion protein were used in immunoprecipitation experiments. Following immunoprecipitations, the immune complexes were studied by immunoblot analyses using GST-specific and Cam1p-specific antibodies. Immune complexes generated with anti-GST antibodies contained GST-Rng2p and Cam1p and, in reciprocal experiments, anti-Cam1p antibodies were found to precipitate a complex of Cam1p and GST-Rng2p (Figure 5b ). Preimmune serum did not precipitate either GST-Rng2p or Cam1p (Figure 5b ). Furthermore, in the GST-Myo2p strain, anti-Cam1p antibodies did not co-precipitate GST-Myo2p and GST antibodies did not co-precipitate Cam1p (Figure 5c ). Thus, the interaction between GST-Rng2p and Cam1p is specific and is mediated by the Rng2p portion of the GST-Rng2p fusion protein.
To study the effect of loss of rng2 function on the localization of Cam1p, a strain of the genotype gfp-cam1 + /cam1 + rng2::ura4/rng2 + was created. Spores from this strain were germinated in medium that would allow germination of spores bearing the rng2::ura4 allele. Approximately half the rng2::ura4 spores displayed GFP emission. GFP-Cam1p was visualized in the spindle pole bodies and in the growing regions of the cytokinesis-defective rng2::ura4 spores. Interestingly, GFP-Cam1p was also visualized in a spot-like structure reminiscent of the F-actin spot visualized in rng2::ura4 cells (Figure 5d ), the position and the appearance of which strongly suggests that Cam1p and F-actin are components of the same spot-like structure. Thus, F-actin and Cam1p are localized in a spot-like structure and the recruitment of Cam1p to this structure does not depend on the presence of Rng2p.
Genetic interactions between rng2-D5 and other ring assembly genes
To uncover potential genetic interactions between rng2-D5 and other actomyosin ring placement and assembly genes, we crossed rng2-D5 to individual strains bearing mutations in the mid1, cdc3, cdc4, cdc8, cdc12, rng3, rng4, and rng5 genes which are also essential for actomyosin ring assembly. We found that rng2-D5 was synthetically lethal with cdc4-8 and rng5-E1. The double mutants of the genotypes rng2-D5 cdc4-8 and rng2-D5 rng5-E1 failed to form colonies under conditions permissive for the single mutants. Microscopic examination revealed that the double-mutant spores had germinated and died as a result of defective cytokinesis ( Figure 6 ). A less severe interaction was noticed between rng2-D5 and cdc12-112. The rng2-D5 cdc12-112 mutants displayed a reduced restrictive temperature of 29°C, a temperature at which both parents were capable of colony formation. Significant interactions, such as synthetic lethality or reciprocal suppression, were not observed in other double-mutant combinations. Thus, the products of the rng2, cdc4, cdc12 and rng5 genes might cooperate in promoting actomyosin ring assembly and/or stability. Currently, the molecular nature of these interactions is unclear as we have failed to detect physical interactions between Rng2p and Cdc4p or Myo2p (data not shown).
Overproduction of Rng2p is toxic and blocks actomyosin ring assembly
Recently, Epp and Chant [18] reported that the over-production of an IQGAP-related protein Iqg1p, a component of an actin-based ring at the bud neck, caused premature actin ring formation in S. cerevisiae. To investigate whether the overproduction of the S. pombe homolog of Iqg1p, Rng2p, had a similar effect, the rng2 + open reading frame was fused downstream of the full-strength nmt1 promoter to produce pREP1-rng2 + . Under conditions of promoter repression (that is, in the presence of thiamine), cells carrying pREP1-rng2 + resembled wildtype cells and formed colonies on solid media (Figure 7a ). When gene expression was induced following removal of thiamine, however, wild-type cells carrying pREP1-rng2 + failed to form colonies and arrested as elongated cells (Figure 7a) 
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Figure 7
Overproduction of Rng2p is toxic and blocks actomyosin ring assembly. (Figure 7b ). Furthermore, actin patches were delocalized throughout these mitotic cells (Figure 7b) , reminiscent of the phenotype displayed by actomyosin ring assembly mutants, such as cdc3 and cdc12 [6, 9] . In Rng2p-overproducing cells, Rng2p accumulated around the nuclei and elsewhere in large blobs and, in the absence of F-actin rearrangements during mitosis, Cdc4p, Cdc8p and Myo2p did not accumulate at the division site (data not shown). Septa were not observed in these cells, consistent with the absence of an actomyosin ring. Thus, in contrast with the observation in S. cerevisiae where premature ring formation occurs upon overexpression of Iqg1p [18] , overproduction of S. pombe Rng2p results in blockage of actomyosin ring assembly.
Discussion
In this study, we have characterized the S. pombe rng2 + gene. Our study of rng2 temperature-sensitive and null mutants has established that Rng2p is specifically required for cytokinesis in S. pombe. The primary defect in rng2 mutants is their inability to assemble actomyosin rings. Temperature-sensitive mutants accumulate cables of F-actin (occasionally originating from a spot-like structure) which fail to organize into a ring, whereas only a spot-like structure containing F-actin is detected in rng2-null mutants. It is likely that the difference in the phenotype is due to the leaky nature of the temperature-sensitive mutant allele. Genetic analyses have identified synthetic lethal interactions in double mutants of the genotypes rng2-D5 cdc4-8 and rng2-D5 rng5-E1. The rng2-D5 cdc12-112 mutant displayed a reduced restrictive temperature. Recently, we have found that rng5 + is allelic to myo2 + ( [4] ; unpublished observations). Cdc4p, Cdc12p and Myo2p are essential for actomyosin ring assembly and/or stability and are also components of the actomyosin ring [4, 10, 11] . Thus, Rng2p interacts with other components of the actomyosin ring to promote its assembly and/or stability.
Rng2p is related to the IQGAP family of proteins. IQGAPs are calmodulin-binding proteins which are potential effectors for Cdc42p and Rac1p [13, 14, 24] . IQGAP1 also possesses actin filament cross-linking activity [25] . Thus, it has been proposed that IQGAP proteins integrate GTPase and calmodulin signals to modulate the actin cytoskeleton [13, 14, 24, 26] . Rng2p is most related to the human IQGAP1 in that it contains the calponin-homology domain, IQ domains, coiled-coil regions, and the Ras-GAP homology domain. The major difference between human IQGAP and Rng2p is that Rng2p lacks the WW domain present in human IQGAP. Rng2p is less related to the IQGAPrelated proteins from budding yeast (Iqg1p/Cyk1p, which lacks a Ras-GAP homology domain) [18] and Dictyostelium (GAPA and DGAP1, which lack calponin homology and coiled-coil domains) [15] [16] [17] . Recently, the budding yeast and the Dictyostelium proteins have been shown to be required for cytokinesis [15] [16] [17] [18] .
Consistent with the requirement of Rng2p in cytokinesis and the genetic interactions between rng2-D5 and mutants in other actomyosin ring components, we have found that Rng2p is a component of a medially positioned ring. A number of considerations suggest that this ring is the actomyosin ring. Firstly, the Rng2p ring forms at the division site early in mitosis and the diameter of this ring decreases late in mitosis. This pattern of localization is similar to that of the other components of the actomyosin ring such as F-actin, Cdc4p, Cdc8p [27] , Myo2p [4] , Cdc12p [10] and Cdc15p [7] . Secondly, Rng2p contains the calponin homology domain, which is present in the actin-binding protein calponin. Finally, F-actin is required for the integrity of the ring containing Rng2p. S. cerevisiae Iqg1p has also been detected in the cytokinetic ring in the mother-bud neck [18] . Based on the similar findings from studies in S. pombe (this study) and S. cerevisiae [18] , it is likely that IQGAPs regulate cytokinesis in other organisms as a result of being essential components of the actomyosin ring.
We have shown that Rng2p is also a component of the SPB of interphase cells and mitotic cells. The role of Rng2p in the SPB is currently unclear. In S. pombe, the actomyosin ring is assembled only after entry of cells into the M phase [28] . Thus, it is possible that Rng2p, as a component of the SPB, serves to coordinate the assembly of the actomyosin ring with entry into mitosis. Another possible role for Rng2p in the SPB is that the interphase SPB might mark the middle of the cell and some components of the actomyosin ring, such as Rng2p, might be translocated to the medial region of the cell based on their ability to associate with the SPB. In this context, it is worth noting that Rng2p interacts physically with Cam1p, a component of the SPB [23] . A number of actomyosin ring components such as Cdc12p [10] , Myo2p [4] , and Cdc4p (N.I.N., K.E. and M.K.B., unpublished observations) have been detected in a medially positioned dot-like structure. Future studies will address if the Cdc4p, Cdc12p, and Myo2p dots represent the interphase SPB and if Rng2p colocalizes with any of these proteins in the dot-like structures. Analysis of mutant versions of Rng2p that localize only to the SPB but not the actomyosin ring and those that localize to the actomyosin ring but not the SPB should also help to unravel the role of Rng2p in the SPB.
Localization of F-actin and calmodulin to the division site does not depend on Rng2p. Thus, Rng2p might be recruited to the actomyosin ring based on its affinity for F-actin and/or calmodulin. We have also shown that F-actin is required for the integrity of the Rng2p ring as well as for localizing Rng2p to the actomyosin ring. Our results differ from those presented by Epp and Chant [18] in that the integrity of the Iqg1p ring in budding yeast does not require F-actin. Interestingly, the septin cytoskeleton [29] , rather than F-actin, appears to be important in maintaining the integrity of the Iqg1p ring in budding yeast [19] .
Why do rng2-null mutants fail in cytokinesis? Staining of rng2-null mutants revealed that F-actin is present in a spot-like structure (referred to as the F-actin spot) previously unidentified in all cytokinesis mutants. The F-actin spot formed early in mitosis, but failed to modify into a ring structure. A number of components of the actomyosin ring such as Cdc4p, Cdc8p and Myo2p were not detected in the F-actin spot. Cdc3p was detected in the F-actin spot, however. The F-actin spot might be assembled by interactions between actin, Cdc12p and Cdc3p, given that the cdc3-null and cdc12-null mutants do not accumulate F-actin spots [9, 10] , and that Cdc3p has an established role in actin filament assembly. The function of Rng2p, perhaps as an actin filament cross-linking protein, might be important in assembling an actomyosin ring starting from the F-actin spot. Execution of Rng2p function might cause assembly of an F-actin template suitable for incorporation of other components of the actomyosin ring such as Cdc4p, Cdc8p and Myo2p. A potential problem with the idea that the F-actin spot represents an intermediate in the actomyosin ring assembly pathway is that an F-actin spot is not seen during cytokinesis in wild-type cells. The transition from the F-actin spot to the actomyosin ring might be rapid, however, and F-actin spots may be evident only in certain mutants, such as in rng2-null mutants. A second possibility is that the F-actin spot represents a fully formed, but collapsed, actomyosin ring. The actin filaments in cells lacking Rng2p may not be cross-linked so that an actomyosin ring assembled under such conditions might disassemble and lose a number of its components.
IQGAP proteins are potential effectors for Cdc42p [13, 14, 26] . Cdc42p is a key signaling molecule that regulates F-actin dynamics and has also been shown to be important for cytokinesis in Xenopus oocytes [30] . In S. pombe, Cdc42 has been shown to be essential for spore germination and cell polarity [31] . The role of Cdc42p in actomyosin ring assembly in S. pombe is unknown, however. Future studies will address the role of Cdc42 in actomyosin ring function in S. pombe and also assess potential interactions between Rng2p and Cdc42p. A combined genetic and biochemical analysis of Rng2p in S. pombe should help us further understand the functions of IQGAP proteins as well as the pathway leading to actomyosin ring assembly.
Materials and methods
Strains, media and genetic methods
S. pombe strains used in this study are listed in Table 1 . Media for cell culture and genetic methods were as described [32] . 
Yeast transformation and cloning by complementation
Yeast transformations were carried out by electroporation [34] or lithium acetate methods [32] . An S. pombe genomic library constructed in pWH5 (gift of K. Mach and C. Albright) was introduced into a rng2-D5 ade6-210 leu1-32 ura4-D18 h -: 1 out of approximately 12000 transformants was capable of cell division and colony formation at 36°C. Plasmid CDL139, carrying 9.5 kb of S. pombe DNA, was recovered from this strain and was shown to be responsible for the rescue on the basis of plasmid loss and retransformation experiments. Sequence determination of the ends of the insert in pCDL139 established that the insert was resident on chromosome 1 (cosmid c4F8-accession number Z98530 
Molecular biology methods
Standard molecular biological techniques were used [35] . Fragments of cDNA representing the 5′ and 3′ ends of rng2 mRNA were amplified by PCR. DNA sequence of the PCR products established that no introns were present upstream or downstream of the predicted open reading frame. Thus rng2 is encoded in a single exon. For experiments involving expression of GST-Rng2p and GFP-Rng2p fusion proteins and overproduction of Rng2p, a SalI site was introduced upstream of the initiator methionine for Rng2p by PCR. Primers MOH119 (5′-GCGCGCGTCGACAATGGACGTAAATGTGGG-3′) and MOH120 (5′-TAGATGCAGAATCTGATG-3′) were used for PCR. The PCR product was digested with SalI and SphI to liberate a 650 bp fragment. The desired recombinant plasmids were generated in trimolecular ligations involving the 650 bp SalI-SphI fragment (encoding amino acids 1-213), a 5.3 kb SphI-PvuII fragment (encoding amino acids 214-1489) and vector DNA digested with SalI and SmaI. Plasmids constructed were: pREP42-GFP-rng2 (pCDL221); pREP4X-GST-rng2 (pCDL222); and pREP1-rng2 (pCDL236). The pREP42-GFP and pREP4X-GST [36] plasmids were generous gifts from A.M. Carr and S.L. Forsburg, respectively.
Construction of a rng2-null mutant strain
Plasmid CDL208 was constructed by replacing over 90% of the rng2 coding region with the ura4 + gene. Linear DNA carrying the rng2::ura4 allele was used to transform a diploid auxotrophic for uracil (rng2 + / rng2 + ade6-210/ade6-216 leu1-32/leu1-32 ura4-D18/ ura4-D18 h + / h -). PCR analysis of DNA from a stable uracil prototrophic colony (MBY343) confirmed that one copy of rng2 in this strain was replaced by the rng2::ura4 + allele. Dissection of tetrads from MBY343 showed that no more than two spores per tetrad gave rise to colonies and that all these colonies were ura -. For phenotypic characterization of rng2::ura4, MBY343 was sporulated on EMM plates and spores were prepared by digestion of cell and ascus walls with glusulase (NEN). Spore germination experiments were carried out in EMM lacking uracil to allow only the rng2::ura4 spores to germinate.
Antibodies and immunoprecipitation experiments
To raise antibodies, GST was fused to the carboxy-terminal 125 amino acids of Rng2p and expressed in Escherichia coli. This fusion protein was used as an antigen to raise antibodies in rabbits. One of the initial bleeds of the same serum, which was specific only to the GST portion of the immunogen was used in immunoprecipitation experiments involving the GST-Rng2p fusion protein. Anti-Cam1p and Sad1p antibodies were generous gifts from T. Davis and I. Hagan, respectively. Preparation of cell extracts and immunoprecipitations were performed as described [11] .
Fluorescence microscopy
Fluorescence microscopic methods were essentially as described [27] . The following fixatives were used: a mixture of formaldehyde and glutaraldehyde for Cdc3p, Cdc4p, Cdc8p and Myo2p; formaldehyde for F-actin; and methanol for Rng2p, GFP-Rng2p, F-actin, Cdc4p, Myo2p and Sad1p. For some GFP fluorescence experiments, cells were permeabilized without fixation and mounted in DAPI mounting medium. GFP-Rng2p was visualized following growth of cells carrying pREP42::GFP-rng2 in medium lacking thiamine for 14 h at 24°C. Cells were viewed using a Leica DMLB microscope and digital images were captured using an Optronix DEI-470T cooled charge-coupled device camera.
